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Abstract

Multidimensional instabilities always develop with time during the process of radiation pressure acceleration, and are
detrimental to the generation of monoenergetic proton beams. In this paper, a sharp-front laser is proposed to irradiate
a triple-layer target (the proton layer is set between two carbon ion layers) and studied in theory and simulations. It is
found that the thin proton layer can be accelerated once to hundreds of MeV with monoenergetic spectra only during the
hole-boring (HB) stage. The carbon ions move behind the proton layer in the light-sail (LS) stage, which can shield any
further interaction between the rear part of the laser and the proton layer. In this way, proton beam instabilities can be
reduced to a certain extent during the entire acceleration process. It is hoped such a mechanism can provide a feasible
way to improve the beam quality for proton therapy and other applications.
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1. Introduction

With the development of laser technology!! =1, laser-driven
ion beams have attracted much attention owing to potential
applications such as fast ignition of inertial confinement
fusion: 01, medical therapy!’="!, proton imaging!'?!, neutron
production'> 121 nuclear physics!'> 14 and pre-accelerators
for conventional acceleration devices!!”].

Radiation pressure acceleration (RPA)! is usu-
ally considered as an efficient mechanism to accelerate
the whole target to gigaelectronvolts through the ‘hole-
boring’ (HB)!'% 311 and “light-sail’ (LS)!'$20- 21,321 stages.
However, the beam spectra in RPA experiments/?% 26 291
are much worse than what the theoretical results indi-
catel16-21,23-25.27.281 © Ope possible reason is the pres-
ence of multidimensional instabilities, such as Rayleigh—
Taylor-like (RT-like) instability!!?2%-33-361 and Weibel-
like instabilityl®”-38]. Recent studies have given accurate
predictions of the mode structures of the instabilities and
the growth rates for a wide range of laser and plasma

parameters?’l.  These show that the surface ripples are
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more likely induced by coupling between the transverse
oscillating electrons and the quasistatic ions near the laser—
plasma interface, although the target surface is initially flat.
It indicates that instabilities are intrinsically generated as the
laser irradiates the interface of the plasma. Previously, a
model driven by the front or flat-top parts of the laser has
been investigated?”). However, in real cases, the rear part
of the laser pulse may further disturb the particle beam in
RPA because it continues to interact with the laser—plasma
interface. In addition, the accelerating gradient becomes
lower in the LS stage, where the charge separation field is
reduced due to the Doppler effects of the flying target on the
driven laser, which is detrimental to controlling development
of multidimensional instabilities in the relativistic region.

In this paper, the proton beam is prevented from moving
together with the laser—plasma interface during the entire
acceleration process, which may intrinsically reduce the
development of detrimental instabilities. Here, a single
reflection mechanism is used to stably accelerate the proton
beam by optimally designing the multilayer target (the pro-
ton layer is set between two carbon ion layers). Such a mul-
tilayer target is totally different from previous cases>%- 401,
where the heavy ion layer is set between the proton layers.
There, the heavy ions in the middle are accelerated together
with protons at a lower velocity in a collisionless shock
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acceleration manner. However, in our case, the middle
proton layer is separated from the heavy ions by means
of a sharp-front laser, which is reflected once to hundreds
of MeV with a monoenergetic spectrum only during the
HB stage. Hence, the proton beam has a greatly reduced
chance of moving together with the laser—plasma interface
during the entire acceleration process. In this way, some
multidimensional instabilities can be reduced to a certain
extent. It could potentially be used to improve the beam
quality for proton therapy and other applications.

2. Model and simulation

First, we review the traditional RPA process in a one-
dimensional simulation to help us to design the target in the
single reflection mechanism (SRM). A circularly polarized
laser arrives at the target at + = 20T (see Figure 1(a)),
where T = A/c and 4 = 1 um is the laser wavelength.
c is the speed of light in vacuum. In the simulation, the
laser amplitude has a triangular profile in time (linear up-
ramp ty, = 2.2T and linear down-ramp t4own = 2.27).
The pressure of the circularly polarized laser stably pushes
electrons forward, such that the electrons are piled up at
the front of the laser, forming a compressed electron layer.
Previous simulations have demonstrated that the velocity of
such a compressed electron layer is uniform because the laser
has a linear front!>*#!1. In this case, the velocity of such
an electron layer (vcgL) can be calculated from the balance
between the laser pressure force (2a*(1 —vceL)/ (14 vegL))
and electrostatic force (2(rnovcerLt)?). In the following cal-
culations, the length, time, velocity, density, charge and field
are normalized by A, 1/c, c, a)ime/4ne2, —e and e/mewy cC,
respectively, for the theoretical compact calculation:

2a*(1 — vegn) /(1 + vepL) = 2(wnovceLt)®, (1)
1 — 3k? 3 > 3
UCEL = 7 =5 T VM +VM-+ N
3+ 3k
VM~V M2+ N3, 2)

where M = —Q27k* — 36k% 4+ 1)/[27(1 + «?)3],N =
(152 — 1)/19(1 + k)] and k = ap/mtupno. Here ap =
eEr/mewrc & 94 is the dimensionless peak amplitude of
laser, Ey, is the amplitude of the laser electric field, wr
is the laser frequency, and m. and e are the electron rest
mass and charge, respectively. a = (ag/tup)(f — vCEL?) is
the normalized laser amplitude at the electron layer. The
foil density is ngp = 50n. and the foil thickness is d =
0.5 wm. Then vcgr ~ 0.183c¢ can be obtained according
to Equation (2). Here an idealized triangular laser profile
is used in the present scheme, mainly for simplicity of the
calculation and simulation. For the case of a Gaussian
temporal profile, the velocity of the compressed electron
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Figure 1. Electric field E (blue solid line) and Ey, (red dash line), electron
density (black dash—dot line), proton density (cyan dot line) at (a) t = 207,
(b) t = 22.5T and (c) t = 25T. (d) Trajectories of electrons (red solid
line) and protons (gray solid line) in the simulations. (e) Phase space
distributions of protons at + = 22.7T (red circles). The black solid line
represents the velocity distribution at the end of the HB stage for protons
initially at different positions of the foil (vepq Versus Xipitial)-

layer is no longer uniform, and the calculation becomes
complex, but can be solved by the time-dependent model
used in our previous work[#2].

Initially, the protons lag behind the compressed electron
layer because the proton mass m;j = 1836m, is much
greater than the electron mass. At the end of HB stage,
the fastest protons reach the compressed electron layer (see
Figures 1(b) and 1(d))2* and the LS stage starts. It should
be noted that the protons initially in the target center are
accelerated faster than the others at the end of the HB stage
in this casel>*l. The velocities of these protons are mainly
distributed around 0.4¢ from Xjpitia1 = 20.2 pm to 20.25 um
(see Figure 1(e)). It is also noted that a narrow energetic
spectrum may be obtained if we selectively accelerate the
protons in the middle layer. From Figure 1(e), it can also be
seen that the spectrum of the middle proton layer becomes
broadened with an increased thickness of the middle proton
layer, so a thinner middle proton layer will be better.

Then, the multilayer target is designed to ensure that the
middle proton layer can be selectively accelerated. Ac-
cording to Figure 1(e), a proton layer from x = 20.2 um
to x = 20.25 um is set between the carbon (C®F) layers
(corresponding regions are 20 pm < x < 20.2 pm and
20.25 pm < x < 20.5 wm). The electron density is ng =
50n. and the densities of the proton and C®F layers are
np = 50n¢ and ncey = 8.3nc, respectively. Here, the charge-
to-mass ratio of C®% is 1 /2, which is half of the value for the
proton (that is, 1), meaning that protons can be more easily
accelerated compared with C%F ions. So, the C%T ions in
the rear part of the target can be assumed to be at rest when
the proton layer arrives. Different from the cases depicted
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in Figure 1, the trajectories of the protons initially at the
middle of the target will cross trajectories of the C®F ions
initially at the rear of the target. Hence, the protons can be
accelerated by the charge separation field £y = Eox(t)/d,
where Ej is the maximum charge separation field, given by
Ey = 4menpd. The proton velocity can be calculated using
the following equation:

4712n0x (1)
vt +dt) = ————=dr +vp (1), (3)
P mpyp (1) P
where mp = 1836 is the proton mass and yp(f) =

1 / V1= vg(t) is the relativistic factor for the protons. In
addition, the position of the protons can be calculated using
the following equation:

27 2n0x (1)

—p d)? +vp (O dt + xp (1) . (4)

Xp (t+dt) =

The dynamics of the middle proton layer can be obtained
from Equations (3) and (4) for v, (t = 20T) = 0 and Xinitja1 =
20 pm + 0.5d. It should be noted that all these equations
are related to the electron density ng, and the dynamics of
the different ions are determined by their charge-to-mass
ratios. The accelerating scheme will be totally different if
their densities change.

Based on Equations (3) and (4), the middle proton layer
arrives at the back surface of the target (Xjpjtia1 = 20.5 pm)
at t+ ~ 22.6T. To start the LS stage as soon as possible,
the compressed electron layer should also arrive at the back
of the target simultaneously with the middle proton layer,
forming a double layer. So, the velocity of the compressed
electron layer should be vcg, = d/2.6T ~ 0.2c. For the
linearly rising-up laser front, the velocity vcgL during the
HB stage can be calculated according to Equations (1) and
(2). Considering a = (ao/tup)(1 — vcEL)?, the steepness of
the laser front can be obtained as

ao/tup = wnovceL (1 + veer) 2 (1 — vepL) /2 (5)

Then, ap/tup ~ 48 is obtained for ng = 50n. and vcgL ~
0.2¢, as shown in Figure 2(a). The peak amplitude ag
of the laser can be calculated as ~96, according to ap =
(ao/tup)(1 — vcEL)d /vcEL and typ ~ 2T'. Here, the velocity
of the proton layer can increase up to v, ~ 0.4c, which is
almost twice the velocity vcgr (~0.2¢). This indicates that
the proton layer moves faster than the compressed layer. At
the same time, the remaining electrons will move together
with the other C®* ions, because the laser intensity begins
to decrease after + ~ 22.6T. The velocity of the COT—
electron double layer is lower than the velocity of the proton—
electron double layer. So, the rear part of the laser can
be reflected by the C®"—electron double layer. Only the
carbon ions are heated and spread extensively, reducing the
multidimensional instabilities of the proton layer to a certain
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Figure 2. (a) Relation between the velocity of the compressed electron layer
vcEL and the steepness of the laser front ag/typ according to Equation (5)
for nyg = 50nc. (b) Evolutions of the velocity, vp (black solid line), and
energy, Ep, of the proton layer during the HB stage.

extent. Ultimately, the high-quality proton bunch can be
selectively accelerated to E, ~ 100 MeV at the end of the
HB stage (see Figure 2(b)). It is believed that the single
reflection mechanism can be realized only during the HB
stage according to Equations (3)—(5). It should be noted
that Equations (3)—(5) cannot be applied for the special case
tup = 0T, which should be specially solved by the time-

dependent models!*?!,

Two-dimensional particle-in-cell simulations are carried
out to verify the theoretical expectations of the single re-
flection mechanism. A multilayer target is designed as
shown in Figure 3. The hydrogen layer lies in the middle
(20.2 pm < x < 20.25 pm) of the foil. The carbon layer lies
in the regions 20 pm < x < 20.2 wm and 20.25 pm < x <
20.5 pm. The hydrogen and carbon atoms are assumed to be
ionized to H™ and C®* before the main pulse is incident on
the target. The electron density is ngp = 50n.. The densities
of the H* and Co* layers are np = 50n. and nce+ = 8.3nc,
respectively. The laser amplitude has a triangular profile in
time (linear up-ramp #,, = 27 and linear down-ramp #gown =
2T) with a peak value ap = 96. The pulse waist is 10 pm
(FWHM). The simulation box size is 50 pm(x)x60 pm(y),
and the number of spatial grids is 8000 x 9600. Each is filled
with 20 macroelectrons and 20 macroprotons (or Co* ions).

Figure 3 depicts the detailed progress from the HB to the
LS stage as the CP laser irradiates the multilayer target.
Initially, the electrons are stably pushed forward because
there are no oscillating terms in the expression for the pon-
deromotive force for CP lasers!'®), as shown in Figure 3(d).
The C* ions lag behind the compressed electron layer
initially. The charge separation field, E,, then becomes
stronger with the increased distance between the electrons
and the ions. Both C®* ions and protons begin to be
accelerated by E,. Att = 23T, the compressed electron
layer has reached the back of the target together with the
proton layer, which is almost consistent with the theoretical
assumption (¢ ~ 22.6T) according to Equation (4) (refer to
Figures 3(e) and 3(k)). Based on Equation (1), the velocity
of the proton layer (v, ~ 0.4c) is much higher than the
velocity of the compressed electron layer (vcgL, =~ 0.2¢).
This means the proton layer is accelerated and separated
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Figure 3. Distributions of (a)—(c) electric field Ey, (d)—(f) electron density ne, (g)-(i) co+ density and (j)—(1) proton density at t = 217 (first row), t = 23T

(second row) and ¢t = 25T (third row).
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Figure 4. (a) Trajectories of the co+ layer (black square), the proton
layer (blue triangle) and the interface between the laser and the compressed
electron layer (red circle). Enlarged plots of the trajectories are shown
in (b). (c) Phase space distributions of CO* jons and protons at t = 257.
(d) Energetic spectra for the proton layer in different initial regions at
t = 25T. Here, protons in the region —3 pm < y < 3 pwm are considered.

from the compressed electron layer in the LS stage. In
addition, the peak decreases after + = 22.67. To maintain
the balance between the laser pressure and charge separation
forces again, the charge separation field, E,, weakens. This
is realized by the C®* jons reaching the compressed electron
layer after + = 22.6T . Finally, two double layers are formed
(see Figures 3(f)-3(1)). The CO*—electron layer is heated and
spreads extensively in space until the laser is totally reflected
at t+ = 25T (see Figure 3(c)). In contrast, the proton—
electron layer always moves ahead of the C®*—electron layer,
maintaining a compact high-quality bunch, which verifies the
theoretical model (Equations (3)—(5)).

It should be noted that the proton layer has a greatly re-
duced probability of moving together with the laser—plasma
interface in this case, as can clearly be seen from Figures 4(a)
and 4(b). Initially, the laser interface moves forward and
overtakes the proton layer at + ~ 21.57. At the end of
the HB stage (¢ ~ 22.5T), the proton layer overtakes the
interface. After + ~ 22.5T, the proton layer continues
to move ahead of both the interface and C®* ions with a
constant velocity, because the laser pulse is reflected by the
CO*—electron double layer. As depicted in Figure 4(a), the
laser pulse is completely reflected away from the C%* layer,
and does not affect the proton layer. Here, the proton layer is
just ‘slingshot-likely’ reflected once by the charge separation
field only during the HB stage (refer to Figure 4(c)). Thus,
instabilities of the laser—plasma interface are intrinsically
reduced. A pure proton beam with a quasimonoenergetic
spectrum (~5 %) centered at ~100 MeV is finally generated
at t = 25T (see Figure 4(d)). From Figures 4(a) and 4(b),
it can be found that the proton layer is separated from the
carbon layers, and the carbon layer blocks the rear parts of
the laser after r ~ 237, so the spectrum of the proton beam
does not change much after t ~ 237'.

The accelerations of the proton layers in the different
regions are compared to verify the optimum conditions for
the single reflection mechanism, shown in Figure 4(c). The
center energy of the proton layer (20.4 pm < Xipigal <
20.45 wm) is only Ep = 39 MeV. The main reason is that
the proton layer, initially at rear part of the foil, is accelerated
for a shorter time during the HB stage. In contrast, the proton
layer initially at the front can be accelerated for a longer
time to a higher maximum energy (137 MeV). However, the
spectrum spread (~35 %) is much worse than the optimum
case (~5 %). On the one hand, this is caused by the disturbed
charge separation field when the falling part of the laser
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Figure 5. Rising-up duration of the laser front #p (red circle), energy (black
square) and areal density (blue triangle) of the proton layer for different
laser intensities calculated from Equations (3)—(5). Here the foil density is
ng = S50nc.

pulse is reflected. On the other hand, the spectrum spread
is intrinsically best for the proton layer in the middle layer,
as shown in Figure 1(e).

3. Discussion

In the future, the development of 10 PW, and even
100 PW, laser systems[4346], and target fabrication[47- 48
could lead to reaching laser intensities of the order of
10?2-10%3 W/cm?, which can easily accelerate the proton
layer to energies of hundreds of MeV (refer to Figure 5). For
example, ~400 MeV protons can be generated by a ~10 fs,
250 J laser (~50 % energy in a 2-pm focal spot (FWHM),
corresponding to a laser intensity of ~1x10?> W/cm?)
irradiating the multilayer foil (areal density ~ 44n.4). In
proton cancer therapy, monoenergetic proton beams with a
tunable energy of 50-250 MeV are required to target tumor
locations, which can be realized by the single reflection
mechanism proposed in this paper. It should be noted that
optical components based on plasmas can provide a solution
to the manipulation of the polarization state of the sharp-
front laser®”), as well as its temporal profile?®3031 In
fact, Equations (3)—(5) are general, helping us to find other
optimum parameters of the laser and target under the present
lab conditions.

It should be noted that the efficiency of proton acceleration
only in the HB stage seems lower, compared to the previous
PRA process including the LS stagel!® 20-21- 321 In previous
works, the laser interacts with the proton beam for a longer
time, so that a higher beam energy (GeV, even 10 GeV) and
higher accelerating efficiency can be obtained. Especially in
the LS stage, the efficiency can be near 100%. However, such
good acceleration does not occur in realistic experiments.
The main reason for this is that serious multidimensional
instabilities develop during the laser—plasma interaction.
These instabilities may arise due to intrinsic turbulence
as the laser irradiates the interface of the plasma, or the
unpredictable irregular shapes of the target surface and laser
front. So the maximum energy of the proton beam is only
~100 MeV in the present experiments. Also, the spectra

are not as good as what the simulations predict. In this
paper, we wanted simply to use a sharp-front laser irradiating
a triple-layer target to reduce the interaction time between
the laser and the proton beam. In this way, the instabilities
can be reduced to a certain extent, although the acceleration
efficiency is lower. It is believed that proton beams with
monoenergetic spectra of hundreds of MeV can potentially
be applied in proton therapy.

4. Conclusion

In conclusion, a proton layer with pure spectra can be
successfully accelerated once to hundreds of MeV only
during the HB stage. The proton beam has a reduced prob-
ability of moving together with the laser—plasma interface
during the entire acceleration process. In this manner, some
multidimensional instabilities, such as Rayleigh-Taylor-like
instability and Weibel-like instability, can be reduced to a
certain extent. This provides a feasible method to realize
proton therapy and other applications using multi-PW laser
system in the future.
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